We describe the use of the semi-empirical molecular orbital method PM3 (parametric method 3) to study the electronic structure of iron-sulphur proteins. We first develop appropriate parameters to describe models of the redox site of rubredoxins, followed by some preliminary calculations of multinuclear iron systems of relevance to hydrogenases.
Introduction
There is an increasing number of DFT (density functional theory) calculations on model systems designed to throw light on many aspects of the complex reactivity of hydrogenases [1] . Although these calculations can possibly give accurate predictions of both chemical structure and reactivity, they are very computer-intensive, particularly if a number of possible reaction mechanisms are to be studied. They may also suffer from variations in their predictions depending on which functional is employed. Semi-empirical MO (molecular orbital) methods require quite modest computing resources, but their accuracy is often under suspicion, particularly when the molecule contains a transition metal atom. However, a possible way forward is to develop parameters for use in semiempirical MO studies that are tailored for a particular chemical situation, the so-called SRP (specific reaction parameters) [2] . Such an approach has been shown to be successful for a range of reactions that do not involve transition metals and we have recently suggested a possible strategy to extend this approach to transition metal complexes [3] . We describe here some results on mononuclear iron complexes and we are currently extending these results to iron and nickel-iron hydrogenases.
Computational methods
In semi-empirical MO methods, there are a number of parameters, some of which are atomic in nature and related to the energies of different states of the particular atom, whereas the other parameters describe the bonding interactions. Our strategy is to first obtain the atomic parameters by fitting to experimental data consisting of a range of atomic energies and then fit the remaining 'molecular' parameters to molecular data, obtained either experimentally or from higher level calculations. We have reported previously our atomic parameters for the first row transition metal atoms [3] and we Key words: density functional theory (DFT), electron transfer, iron-only hydrogenase, ironsulphur protein, PM3, rubredoxin. Abbreviations used: ADE, adiabatic detachment energy; DFT, density functional theory; MO, molecular orbital; PM3, parametric method 3; Rd, rubredoxin; VDE, vertical detachment energy. 1 To whom correspondence should be addressed (email ian.hillier@man.ac.uk).
used these for calculations on the iron complexes reported herein. Wang and Wang [4] have reported experimental studies of electron detachment energies for molecules that are models of redox active sites and of particular relevance to hydrogenases are their works on iron-sulphur clusters containing both single and multiple iron atoms [4] [5] [6] [7] . Data are available on both Rd (rubredoxin) redox site analogues [5] and models of the diiron site of Fe-only hydrogenase [6] . To develop appropriate parameters to study the hydrogenases, our strategy has been to focus first on the mononuclear iron system (our findings are reported here) and then to suggest a possible way forward to model hydrogenases. 2− , but not for the corresponding doubly charged ion of the tetravalent ion, which has a negative detachment energy [7] . We have obtained the remaining iron parameters by fitting to DFT calculations of the [Fe(SCH 3 ) 4 ] 1−/2− system and tested the parameter set against experimental data and higher level calculations on a range of related systems. We find that it is important to choose carefully the actual molecular quantities that are to be reproduced. We choose here the Fe-S bond lengths of the oxidized and reduced forms, the VDE and ADE, the corresponding spin density on the iron atom and the value of S 2 for the wavefunction. These quantities are particularly important in developing models for the redox properties of the active site. The quality of the predictions at the PM3 (parametric method 3) level is encouraging. The dependence of the relaxation energy λ oxi (the difference between the VDE and ADE) on chemical structure, which is important in the description of electron transfer, is well reproduced (Table 1) as are the bond-length changes on electron removal and the spin density distribution in the reduced and oxidized species.
Results and discussion
The prediction of the electronic structure of multinuclear iron complexes relevant to hydrogenases is a considerably greater challenge, due in part to the wide range of spin states that may be involved. Our first step is to assess the value of the parameters which we have obtained for the description of some multinuclear species. Iron-sulphur cubanes [9] are often found close to the active sites of both iron and ironnickel hydrogenases and serve as electron sinks. Calculation of iron-sulphur cubanes at the PM3 level using our iron parameters yields structures comparable with both DFT and crystal data ( Table 2 ). For example, the PM3 Fe-X bond lengths in the cubane are close to those at the DFT level [9] . The PM3 values of the iron spin densities of +3.015 and −3.014 (formally Fe 2+ and Fe 3+ ) compare well with the DFT values of +3.127 and −3.127. We have also considered a model (referred to as Model in Table 2 ) of the fully oxidized state of the hydrogenase cluster. Here again, the Fe-X bond lengths are in good agreement with the DFT values reported by Cao and Hall [10] . Further work is in progress to assess the usefulness of these relatively simple MO calculations in exploring the mechanisms of hydrogenases. 
